Toxic equivalent (TEQ) levels of polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDDs/DFs) and coplanar polychlorinated biphenyls (CoPCBs) were analyzed in both crude (nῌ 5) and refined-hardening fish oils (nῌ2), which are used in part as the raw materials of margarine and shortening, and in some retailed fish (nῌ6), which may be similar to those used as sources of fish oil. PCDDs/DFs-TEQ levels ranged from 0.1 to 13.5 pg TEQ/g fat weight in crude fish oils, from 0.5 to 1.6 pg TEQ/g fat weight in refined-hardening fish oils, and ranged from 1.4 to 31.2 pg TEQ/g fat weight in retailed fish. The ranges of PCDDs/DFs-TEQ in crude fish oils, in refinedhardening fish oils and in retailed fish overlapped each other. In addition, CoPCBs-TEQ levels ranged from 4.9 to 19.6 pg TEQ/g fat weight in crude fish oils, from 0.2 to 1.4 pg TEQ/g fat weight in refined-hardening fish oils, and from 2.7 to 165.8 pg TEQ/g fat weight in retailed fish. TEQ levels of CoPCBs in refined-hardening fish oils were much lower than those in crude fish oils and in retailed fish. This was due to the lower concentrations of less-chlorinated congeners in refined-hardening fish oils, as compared to those in crude fish oils and retailed fish. It appears that less-chlorinated PCBs congeners in refined-hardening fish oils are partly removed during the refining process.
Introduction
Fish oil is manufactured via the processing of fish scrap, followed by extraction with heating, separation and filtration. Moreover, depending on the oil's use, the production process may also include steps such as degumming, neutralization (alkali refining), bleaching, deodorization and hydrogenation. The Japanese catch of sardine, which is often used as a source fish, has recently decreased to one-tenth of what it was in the 1970s and 1980s, so that current demand for fish oil cannot be filled from domestic stocks alone and is largely dependent on imports. The actual import of fish oil in Japan in 2002 was 58,556 tons, the greater part of which was accounted for by imports from the United States and Peru 1) . These fish oils are used as raw materials for margarine, shortening and dietary supplements, as well as feed ingredients for farmed fish, and have become important products for the food industry in Japan.
On the other hand, it is well known that levels of polychlorinated biphenyls (PCBs) and polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDDs/DFs) in the raw materials of fish oil, namely fish, are higher than those in other foods. Concern about the levels of these chemicals in fish oil has thus arisen from the viewpoint of the potential risks to consumers of fish oils and related products, and data on the chemicals present in fish oil have been collected in a number of countries 2)ῌ5) . In Japan, some data on PCBs or PCDDs/ DFs levels in commercially caught fish and shellfish exist 6)ῌ9) , but the available data on PCDDs/DFs and CoPCBs in fish oils are limited 10)ῌ12) .
This study reports the levels of PCDDs/DFs in domestic or foreign crude fish oils and refined-hardening oils derived from them, which are used as the raw materials for products such as margarine and shortening. At the same time, the levels of these chemicals in some retailed fish, which could be similar to fish used as sources of fish oils, were analyzed and compared with the levels detected in the fish oils.
Materials and Methods

Samples
Five of the seven fish oils studied were crude oils and two were refined-hardening oils, which had been subjected to the processing steps of neutralization (alkali refining), bleaching, deodorization and hydrogenation.
These oils were collected in September 2001 from food oil processing plants in Japan.
Three species of fish, namely chub mackerel (Japanese name: masaba, scientific name: Scomber japonicus), sardine (Japanese name: maiwashi, scientific name: Sardinops melanostictus) and Japanese horse mackerel (Japanese name: maaji, scientific name: Trachurus japonicus), representing the capture of fish in Japan, were purchased from a supermarket in Osaka City, Japan, at two di#erent times (June 1999 and November 1999). The muscle, including the skin, of each fish was homogenized and the pooled fish matrices, which contained at least three individual fish, were prepared and frozen at ῍20῏ until analysis.
Determination of fat content
After addition of 13 C-labeled 2,3,7,8-Cl-substituted PCDDs/DFs and CoPCBs, 100 g of fish matrix was extracted with 200 mL of a mixture of hexaneῌacetone (2 : 1, v/v), 3 times. The extracted solution was centrifuged, dehydrated and evaporated. The obtained residue was then weighed and the fat content (ῐ) was determined. The fish oils consisted almost entirely of fats, and thus were analyzed directly.
Extraction and cleanup
The methods of extraction and cleanup used were modified versions those given in the tentative guideline for the analysis of dioxins in foods in Japan 13) . Briefly, 10 g of each fish oil spiked with 13 C-labeled 2,3,7,8-Clsubstituted PCDDs/DFs and CoPCBs and the abovementioned fat from fish matrix were digested with 300 mL of 1 mol/L potassium hydroxide solution in ethanol at room temperature for 2 hr and then extracted with 100 mL of hexane 3 times after dilution with 500 mL of distilled water. The obtained hexane extract was treated with small amounts of sulfuric acid, rinsed with distilled water, concentrated and then passed through a multi-layer column 14) packed with silica gel 60 from Merck (Darmstadt, Germany) and silica gels from Wako Pure Chemical Industries Ltd. (Osaka, Japan), impregnated with 22 and 44ῐ sulfuric acid, 10ῐ silver nitrate and 2ῐ potassium hydroxide and developed with 120 mL of hexane. The hexane eluate was concentrated and separated into a mono-ortho-CoPCB fraction (Fr. 1) and a PCDD/DF, non-ortho-CoPCB fraction (Fr. 2) using an alumina column packed with 10 g of aluminum oxide 90 (basic, activity I) from Merck. Fr. 1 was eluted with 200 mL of 1ῐ dichloromethaneῌhexane (v/ v) and then Fr. 2 was eluted with 60 mL of 50ῐ dichlo-romethaneῌhexane (v/v). Fr. 2 was further concentrated and put through an active carbon column packed with 1 g of active carbon impregnated-silica gel from Wako Pure Chemical Industries Ltd., and washed with 60 mL of 5ῐ dichloromethaneῌhexane (v/v), followed by 210 mL of toluene. Each fraction was concentrated and then spiked with 13 C-labeled 1,2,3,4-tetrachlorodibenzo-pdioxin (1,2,3,4-TeCDD), 1,2,3,4,7-pentachlorodibenzo-pdioxin (1,2,3,4,7-PeCDD), and 2,3,4,6,7,8-hexachloro-benzofuran (2,3,4,6,7,8-HxCDF) for instrumental calibration.
Instrumental analysis of PCDDs/DFs and CoPCBs
Identification and quantification of PCDDs/DFs and CoPCBs were performed by HRGC/HRMS analysis using a Hewlett Packard 6890 Series high-resolution gas chromatograph equipped with a Micromass Autospec Ultima high-resolution mass spectrometer with a positive electron ionization (EIῌ) source, operating in the selected ion monitoring (SIM) mode at a resolving power of 10,000. Chromatographic separations were achieved using a SP-2331 (60 m῎0.32 mm i.d., 0.25 mm film thickness, Supelco, Bellefonte, PA, USA) for Te-and PeCDDs/DFs, a HP-5MS capillary column (60 m῎0.32 mm i.d., 0.25 mm film thickness, Agilent Technologies, Palo Alto, CA, USA) for Hx-, Hp-and OCDDs/DFs and a DB-5MS capillary column (60 m῎0.32 mm i.d., 0.25 mm film thickness, J & W Scientific, Folsom, CA, USA) for CoPCBs. Column oven temperatures were as follows: SP-2331 was held for 1 min at 100῏, heated to 200῏ at 20῏/min, then heated to 250῏ at 2῏/min, with a final 27 min hold. HP-5MS was held for 1 min at 80῏, heated to 185῏ at 20῏/min, held for 1 min, heated to 245῏ at 2῏/min, held for 3 min, and then heaated to 290῏ at 6῏/min, with a final 9 min hold. DB-5MS was held for 1 min at 150῏, heated to 185῏ at 20῏/min, heated to 245῏ at 2῏/min, held for 3 min, and then heated to 290῏ at 6῏/min, with a final 0.3 min hold.
Limits of detection (LOD) for the fish oils were 0.1 pg/ g fat weight for Te-and PeCDDs/DFs, 0.2 pg/g fat weight for Hx-and HpCDDs/DFs, 0.4 pg/g fat weight for OCDD/DFs, 0.9 pg/g fat weight for mono-ortho CoPCBs and 0.3 pg/g fat weight for non-ortho CoPCBs. LOD values on a wet weight basis for fish were 0.01 pg/ g wet weight for Te-and PeCDDs/DFs, 0.02 pg/g wet weight for Hx-and HpCDDs/DFs, 0.04 pg/g wet weight for OCDD/DFs, 0.09 pg/g wet weight for mono-ortho CoPCBs and 0.03 pg/g wet weight for non-ortho CoPCBs. Table 1 shows the concentrations of 2,3,7,8 -substituted PCDDs/DFs and CoPCBs in the seven fish oil samples. In the crude fish oils, toxic equivalent (TEQ) levels of PCDDs/DFs ranged from 0.1 to 13.5 pg TEQ/g fat weight with a mean of 5.3 pg TEQ/g fat weight, and TEQ levels of CoPCBs ranged from 4.9 to 19.6 pg TEQ/ g fat weight with a mean of 13.3 pg TEQ/g fat weight. Total TEQ levels of PCDDs/DFs and CoPCBs in crude fish oils ranged from 8.6 to 27.0 pg TEQ/g fat weight with a mean of 18.6 pg TEQ/g fat weight. Menhaden oil showed the highest TEQ level, followed by domestic fish oil, tuna head oil, anchovy oil and capelin oil. The proportion of the TEQ value of PCDDs to total PCDDs/ DFs in menhaden oil was very high (about 82ῐ), being distinct from those seen in the other crude fish oils and from the results of some previous Japanese studies on PCDDs/DFs in fish 7), 8) . Such a tendency can also be observed in the results of research conducted on PCDDs/DFs in some fishes and fishery products overseas 3), 15)ῌ18) .
Results and Discussion
Contamination levels of PCDDs, PCDFs and CoPCBs in fish oils
As for the two refined-hardening fish oils (sample code nos. 6 and 7) in Table 1 , TEQ values of PCDDs/DFs were 1.6 and 0.5 pg TEQ/g fat weight and those of CoPCBs were 1.4 and 0.2 pg TEQ/g fat weight, thus giving total PCDD/DF and CoPCB TEQ values of 3.0 and 0.7 pg TEQ/g fat weight, respectively ( Table 1 ). The contribution of TEQ values from CoPCBs to PCDDs/DFs and CoPCBs in oil of sample code no. 6 (47ῌ) was close to that in menhaden oil (sample code no. 1), however, the above contribution in oil of sample coded no. 7 (29ῌ) was much smaller than those in crude fish oils and retailed fish. Table 2 shows the latest results of this and other studies on TEQ levels of PCDDs/DFs and CoPCBs in fish oils. The wide variance of PCDD/DF-TEQ values from some studies makes comparison of PCDD/DF data di$cult. As regards TEQ levels of CoPCBs, the levels in crude fish oils from this study were similar to levels in fish oils used as animal feed ingredients reported by The Ministry of Agriculture, Forestry and Fisheries (MAFF) of Japan in 2003 12) , when median values are compared ( Table 2 ). The TEQ levels of CoPCBs in refined-hardening fish oils were relatively close to those of dietary supplements reported by Jiménez 5) , though the numbers of measured CoPCB congeners and expressed TEQ are di#erent ( Table 2) . Table 3 shows the concentrations of 2,3,7,8-substituted PCDDs/DFs and CoPCBs in six retailed fish. TEQ and congener concentrations on a fat weight basis in the fish were converted from only concentrations of detectable congeners that were LOD or more on a wet weight basis. The TEQ fish oil LOD are shown as values derived from concentrations on a fat weight basis of individual congeners, except for the values under LOD used for the analysis of fish oils. In almost all the fish, the congener concentrations on a fat weight basis were above the LOD for the analysis of fish oils, excluding concentrations of 1, 2, 3, 7, 8, (Table 3) .
Contamination levels of PCDDs, PCDFs and CoPCBs in retailed fish
TEQ levels of PCDDs/DFs in the six retailed fish ranged from 1.4 to 31.2 pg TEQ/g fat weight with a mean of 10.4 pg TEQ/g fat weight. TEQ levels of CoPCBs varied from 2.7 to 165.8 pg TEQ/g fat weight with a mean of 39.0 pg TEQ/g fat weight. Total TEQ levels of PCDDs/DFs and CoPCBs in the six retailed fish ranged from 4.4 to 197.0 pg TEQ/g fat weight with a mean of 49.4 pg TEQ/g fat weight. Total TEQ levels in retailed fish surveyed by the Ministry of Health and Welfare, Japan, in 1999 ranged from 0.003 to 23.093 pg WHO-TEQ/g wet weight with a mean of 1.492 pg TEQ/ g wet weight 9) . Total TEQ values on a wet weight basis in the six retailed fish were within the range of levels found in the above-mentioned survey in Japan.
Although a limited number of samples was analyzed in this study, the range of PCDDs/DFs-, CoPCBs-or total PCDDs/DFs and CoPCBs-TEQ values on a fat weight basis in retailed fish overlapped with those in crude fish oils.
Low levels and strange profile of CoPCBs concentrations in refined-hardening fish oils
The TEQ levels of PCDDs/DFs in refined-hardening fish oils were within the range of the TEQ levels in crude fish oils and retailed fish, but the TEQ levels of CoPCBs in refined-hardening fish oils were much lower, thus resulting in total PCDD/DF and CoPCB TEQ levels that were lower in refined-hardening fish oils than in crude fish oils and retailed fish. This is caused by the low concentrations of PCB 126, which has the highest toxic equivalency factor (TEF) among CoPCB congeners (Table 1) . Table 4 shows the concentration ratios of some PCB congeners to PCB-169 or PCB-189, with the highest number of chlorine atoms among non-ortho- CoPCBs congeners or mono-ortho-CoPCBs congeners. The concentration ratios of some congeners in refinedhardening fish oils were smaller than those in crude fish oils. Notably, concentration ratios such as PCB-105/ PCB-189, PCB-114/PCB-189 and PCB-118/PCB-189 were much smaller. These results indicate that the concentrations of congeners with a lower degree of chlorination in refined-hardening fish oils are lower than those in crude fish oils ( Table 1 ). The less-chlorinated PCB congeners such as pentachlorinated biphenyls volatilize readily compared with higher-chlorinated congeners, as is well known 19), 20) . Moreover, several studies have found that PCBs in oils decreased during the deodorization process, which has a heating temperature higher than that of the other steps in the refining process (e.g., neutralization, bleaching, etc.) 21), 22) . Accordingly, it is likely that refined-hardening fish oils in this study were products from which CoPCB congeners with a lower degree of chlorination had been volatilized by heating during the refining process. This may be the reason why CoPCBs in refined-hardening fish oils become to the lower levels and exhibit di#erent congener profiles from CoPCBs in crude fish oils and retailed fish. It was conjectured from the results of this study that PCBs in refined-hardening fish oils were removed during the refining process. However, the limited data available on PCDDs/DFs and CoPCBs in edible refined fish oils, such as refined-hardening fish oils and dietary supplement fish oils, necessitates further investigation to reach a better understanding of the levels of PCDDs/ DFs and CoPCBs in these oils.
